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197 2 .-Cardiovascular responses to electrical stimulation of histologically verified sites in the septum were studied in 60 rats. In animals under a-chloralose anesthesia stimulation of the lateral septum (24 sites) elicited arterial hypotension, stimulation of the medial septum (19 sites) elicited arterial hypertension, and stimulation of an intermediate zone between the two areas (10 sites) elicited hypertension followed by hypotension. In contrast to these results, in animals under urethan anesthesia stimulation of the lateral septum (22 sites) elicited arterial hypertension and stimulation of the medial septum (10 sites) elicited arterial hypotension. In addition, on 10 occasions, stimulation of the lateral septum in animals under urethan elicited a hypertension accompanied by rhythmic oscillations of arterial pressure at a frequency of 24.6 =t 0.2/ min. In all animals stimulation of the septum did not elicit significant changes in heart rate but produced an increase in the frequency of respiration. The cardiovascular responses observed in animals under both anesthetics were not altered by the administration of tubocurarine. The optimal parameters of stimulation were found to be pulses of 2 msec duration at 80 Hz. It is concluded that the septum plays a very complex role in the central control of the cardiovascular system as indicated by the findings of two distinct and opposite responses in two different areas of the septum and by the reversal of the responses in animals under two different anesthetics. septal stimulation; arterial pressure responses; heart rate; arterial pressure oscillations; cardiovascular response and anesthetics; medial and lateral septum IT 
IS KNOWN
THAT ELECTRICAL stimulation of the septum and other forebrain limbic structures elicits cardiovascular changes (11, 2 1) and it is usually assumed that the limbic system brings about these responses by providing inputs to those areas of the neuraxis that have traditionally been associated with central cardiovascular control, i.e., the hypothalamus and the bulbar reticular formation (18). Detailed studies of the cardiovascular responses to the stimulation of the septum are relatively recent. Several investigators have reported changes in arterial pressure and heart rate during electrical stimulation of the septum (1, 2, 5, 6, 9, 12-14, 23). The typical response described is a decrease in arterial pressure (5, 6, 12, 14) which seems to be unrelated to changes in heart rate (1, 5, 9) , to force of cardiac contraction (14), to respiration (1, 6), or to the site of stimulation within the septum (1, 6). Occasionally a brief hypertensive response precedes the hypotensive response (6) and under certain conditions a pure hypertensive response has been observed (1, 6). It has been suggested that the systems are intermingled (6) or that the response depends on the frequency of stimulation (1) . In one animal of a series previously reported (6) both pressor and depressor responses were elicited by septal stimulation (see Table 1 , rat 6). When the electrode was at the midline and at a depth that can be assumed to be in the medial septum (H: + 1) a pressor response was observed; with the electrode 1 mm lateral and 1 mm dorsal to this site, probably in the lateral septum, a depressor response was obtained.
Because of this observation the present study was done to see whether, with more discrete stimulation, functional differences between medial and lateral septum could be observed. In addition, as it was observed that cardiovascular responses to the same site of stimulation changed during the course of an experiment, presumably because of changes in anesthetic state, it was decided to compare the effects of septal stimulation in rats anesthetized with chloralose and urethan, two anesthetics commonly used in investigations of the central control of the cardiovascular system. The present report presents data on the effects of discrete electrical stimulation of the septum with histological verification of the sites of stimulation in rats under two different anesthetics. Fig. 5A . On the other hand, stimulation of the medial nificantly greater during stimulation, although this response septum (10 sites) consistently elicited a brief and slight inwas not found at all sites (an increase in 19 and a decrease in crease in arterial pressure followed by a significant decrease 5). The changes in heart rate were not statistically signifiof arterial pressure, no change in heart rate and a significant cant because of the inconsistent responses (a decrease in 12, increase in respiratory frequency (Fig. 5B) . A summary of no change in 11, and an increase in 1). A typical response of the cardiovascular and respiratory responses elicited in the arterial pressure is shown in Fig. 1A . However, when the animals under urethan and a map of sites of stimulation are electrode was located in the medial septum (19 sites), the shown in Table 1 and Fig. 6 . response was a consistent and significant increase in arterial In 10 animals under urethan anesthesia, when the stimupressure. Mean respiratory frequency was again signifilating electrodes were located in sites which were later idencantly greater (an increase in 17 and a decrease in 2) and the tified histologically as being in the lateral septum, electrical changes in heart rate were not statistically significant (a destimulation consistently elicited the characteristic hypertencrease in 5, no change in 10, and an increase in 4). Finally, sive response (from 112 =t 4 to 158 St 5 mm Hg) with the when the electrode was located at the border between medial and lateral septum (10 sites) th .e response was a conaddition that rhythmic oscilla tions in arterial pressure at a very con sistent frequency (24. 6~ 0.2/min) were observed sistent and significant increase in arterial pressure followed throughout the period of stimulation. In these animals there by a gradual decline terminating in a decrease in arterial was no significant increase in heart rate but respiratory frepressure (Fig. 1C) ; heart rate and respiratory frequency quency was significantly increased (from 142 =t.~ 10 to 207 X/X showed no significant changes. These characteristic re-11 /min, P < 0.01 of the fact that in previous reports of cardiovascular responses to electrical stimulation of the septum the stimuli used were pulses of long duration (6), experiments were done in six animals under urethan and six under chloralose to study the effect of varying pulse duration and frequency of stimulation on cardiovascular responses. When a responsive site was found, stimuli were applied at frequencies of 1, 2, 5, 10, 20, 40, 80, and 160 Hz with a constant pulse duration of 2 msec, and at durations of 1, 2, 4, and 8 msec at a constant frequency of 80 Hz. The results obtained in six animals under urethan with stimulation of the lateral septum are shown in Fig. 7 . It can be seen that maximum responses were obtained when the duration and frequency of the stimulus were 2 msec and 80 Hz, respectively. Similar experiments when the stimulating electrode was located in the medial and lateral septum in animals under chloralose and in the medial septum in animals under urethan confirmed the finding that 2 msec and 80 Hz were optimal parameters of stimulation to obtain cardiovascular responses. EJect of administration of tubocurarine. As it has been suggested that electrical stimulation of central structures may eJjr$L c&&n%%% in, a&ri-aJ-vre.ssure and heart rate which are secondary to muscular activity induced by the stimulation (e.g., 8), and in view of the possibility that cardiovascular changes may have been related to respiratory changes, the effect of electrical stimulation of the septum on cardiovascular parameters was studied in 12 animals before and after the administration of tubocurarine (75 pg/kg iv). In this series of animals the characteristic arterial pressure responses described for the medial and lateral septum in animals under the two anesthetics were not changed by the administration of d-tubocurarine (Table 2) .
METHODS

Results
DISCUSSION
The effect on cardiovascular parameters of electrical stimulation of histologically confirmed sites in the lateral septum in rats under chloralose anesthesia confirms previous reports of cardiovascular responses to septal stimulation (2, Table 1 ), and the persistence of the cardiovascular responses after respiratory paralysis (see Table 2 ). It can also be excluded that the arterial pressure responses were secondary to muscular activity because these responses were still present after administration of tubocurarine. In addition, it may be concluded that the hypertensive response was undoubtedly due to a neural event and not to the release of adrenal catecholamines as the response had a latency of approximately 3 set, a delay much shorter than that observed between central stimulation and cardiovascular changes brought about by the liberation of adrenal catecholamines (17). The observation of changes in arterial pressure in opposite directions during stimulation of the two locations in the septum and the finding of a hypertensive-hypotensive response in animals under chloralose during stimulation of sites at the border between medial and lateral septum strongly suggests the possibility of the existence within the septum of two well-defined functional areas affecting the vasomotor system in two distinct ways. However, the present state of knowledge does not permit an explanation of the results in terms of different connections of the medial and lateral septum to different hypothalamic regions. In fact, although it has been shown that the stimulation of the fornix and stria terminalis, which receive fibers from the septum, elicit differential effects on certain functions (16, 22), it is unlikely that these two pathways receive inputs exclusively from the medial septum or the lateral septum. In addition, it is known that the medial forebrain bundle, the other main pathway from the septum to the hypothalamus, originates in both medial and lateral septum (10, 20).
Our finding that the optimum frequency and duration of stimulation to elicit the hypotensive response during stimulation of the lateral septum were 80 Hz and 2 msec does not agree with previous reports (6). The origin of this discrepancy cannot be readily explained.
It must, however, be pointed out that the doses of a-chloralose used in these experiments were higher than those used by previous workers (15 mg/lOO g body wt vs. 8 mg/lOO g), as in our experience the lower dose did not ensure adequate surgical anesthesia. In addition, it must be noted that the same parameters, i.e., 2 msec and 80 Hz, were found to elicit optimal hypertensive responses during stimulation of the medial septum, which suggests a similar degree of responsiveness throughout the septum. The observation that in animals under urethan anesthesia the arterial pressure responses to septal stimulation were in the opposite direction to those obtained in animals under chloralose was an unexpected finding; this clearly points to the difficulties of interpretation of experiments on the central neural control of the cardiovascular system when different anesthetics are used. These responses in the animals under urethan were easily reproducible and, like those observed in animals under chloralose, were not affected by the administration of tubocurarine, did not appear to depend on respiratory changes, showed a distinct functional localization in the two parts of the septum, and were optimally elicited by stimuli of 2 msec at 80 Hz.
In attempting to explain the opposite responses to elec-F. R. CALARESU AND G. J. MOGENSON trical stimulation of the septum in animals under the two anesthetics used in this study, it is worth noting the difference in control mean arterial pressure in the two series of animals (Table  1) : animals under chloralose had a higher level of mean arterial pressure than animals under urethan. This suggests the presence of a higher level of sympathetic activity in chloralosed animals. As no attempts have been made in these experiments to investigate the mechanisms responsible for the observed cardiovascular responses, no physiological explanation can be suggested regarding the functional role of the septum on the cardiovascular system of animals with different degrees of sympathetic tone. However, as it has been previously reported that electrical stimulation of the same central structure can elicit changes in heart rate in opposite directions in two different preparations (4), it seems reasonable to suggest that the septum may induce changes in cardiovascular parameters whose direction depends on the base-line setting of the cardiovascular system. This suggestion may point to a homeostatic role of the septum in the maintenance of arterial pressure and is given substance by the demonstration (15) that electrical stimulation of the septum has opposite effects on the discharge rates of hypothalamic neurons depending on the base-line discharge rate : when hypothalamic neurons were firing slowly, septal stimulation enhanced the discharge rate, and when they were firing at a faster rate, septal stimulation had an inhibitory effect. A very interesting finding in the course of these experiments was the rhythmic oscillation of arterial pressure during the hypertensive response elicited by elec trical stimulation of the lateral septum in animals under urethan.
The remarkable consistency of the frequency of oscillation (24.6 =t 0.2) appeared to be independent of respiratory frequency
